The conventional drug delivery methods widely used are intravenous injection and oral administration. Microneedles are a new technology used for drug delivery, administered percutaneously. Microneedles are often presented in a series of multiple simple microneedle arrays used on the skin to facilitate systemic or topical drug delivery. There are several advantages to transdermal drug delivery, including sustained release, improvement in patient's compliance and elimination of first-pass metabolism.
Background
Oral delivery of medication is the oldest route of drug administration, but many drugs do not work as a result of poor oral bioavailability due to the first-pass metabolism that oral medication undergoes in the liver (Yeu et al., 2012; Ita, 2015) . Transdermal drug delivery has proven to be a promising route of drug administration; however, the stratum corneum makes it difficult for most drugs to get into the systemic circulation. This is because the stratum corneum is a dead layer of cells. Furthermore, the skin has anatomical peculiarities and permeability varies in different parts of the body.
Hypodermic injections (Figure 1 ) were invented to counter these challenges in order to deliver medications directly into the bloodstream (Ogundele and Okafor, 2017) . In clinical practice, hypodermic needles are used for drug delivery as they by-pass the stratum corneum (the skin barrier) and go directly into the bloodstream. While hypodermic needles are a reliable way of effective drug delivery into the body, they stimulate nerve endings, and are therefore painful (Ita, 2015) . Using hypodermic needles may also result in discomfort, bleeding at the site of administration, risk of contamination and the need for a trained professional. According to Gill and Prausnitz (2008) , drug delivery technologies strive to strike a balance between effective drug delivery and patient compliance. However, no route of drug administration is perfect. Although the concept of 'microneedles' (Figure 2 ) was first proposed about five decades ago, scientific research and technology advancements in the field did not begin until the mid-1990s. This was because little was known about microfabrication technology in the 1970s, and up-scale manufacture was only made possible after extensive scientific research. Vandervoort and Ludwig were the first people to make mention of this technology and regarded it as 'puncturing projections' (Escobar-Chávez et al., 2011). However, advances were not made until it was first patented in 1971 by the inventors, Martin S. Gerstel and Virgil A. Place (Escobar-Chávez et al., 2011) . Microneedles have since been used as a drug-delivering device around the world. Vandervoort and Ludwig also argued that microneedles could be a potential replacement for hypodermic needles (Figure 1 ) on the basis that microneedles deliver drugs to the epidermis and systemic circulation with little possibility of disruption of nerve endings ( Figure 2) (Wu, 2008) . In 1998, the first proof-of-concept of microneedles was brought to light in the scientific community when Henry et al. (1998) used silicon microneedles to deliver calcein across the human skin. It was discovered that silicon microneedles significantly increased the permeability of calcein. According to the authors, the magnitude of permeability was as much as four times the normal permeability of calcein. Since then, more than 350 research papers have been published on the use of microneedles (Yeu et al., 2012) . More research is still being done with the aim of Introduction The stratum corneum is an effective barrier to prevent the entry of xenobiotics, infectious agents and other substances into the body (Wermeling et al., 2008) . With the exception of drugs with high potency (where lower doses are needed for optimum target activation), the therapeutic delivery of drugs through the stratum corneum has been a major challenge. Over the years, transdermal drug delivery has proven to be of great therapeutic use. It has been associated with good patient compliance, which has led to the commercial success of products used for angina, chronic pain management, congestive heart failure, nicotine addiction and hormone replacement therapies, to name a few (Patil et al., 2012) . Transdermal patches provide controlled and continuous drug release throughout the day, providing peaks and troughs of drug concentration in the bloodstream. However, transdermal patches have been linked with low permeability of drugs into systemic circulation, and they require significantly higher doses of drugs to attain loading or therapeutic doses.
The invention of microneedles has been thought to be a unique technological approach to enhance drug delivery across the stratum corneum by increasing permeability. Microneedle-based drug delivery usually involves the use of micrometrescale solid or hollow needles that pierce the stratum corneum without damaging nerve endings (Ogundele and Okafor, 2017) . For example, a grid of holes is made in the skin by an array of stainless-steel microneedles, which then deliver medication through the micropores made on the surface of the skin.
When microneedles are manufactured, they are arranged in an array of needles that can be applied to the skin like a bandage. This is often regarded as a microneedle patch (Jacoby et al., 2015) . Microneedles are generally fabricated in four main types: hollow, solid, coated and polymer microneedles ( Figure 2 ). Hollow microneedles are similar to the regular hypodermic needles; however, they are a lot shorter in length.
They are usually used to administer liquid formulation. Solid microneedles are used to create micropores in the skin, through which -after a patch is applied -the drug is delivered across the skin. Coated microneedles are coated with the drug, while polymer microneedles are 'made from polymers that can be dissolving, non-dissolving or hydrogel-forming' (Jepps et al., 2013; Ita, 2015) . The specification(s) in which microneedles are fabricated is dependent on the type, geometry and material of the microneedle (Li et al., 2017) . The table below details various techniques used for the fabrication of microneedles.
Type of microneedle

Fabrication methods
Polymer microneedles
Photolithography Although there have been numerous animal studies involving the use of microneedles, only very few scientific studies have been conducted on humans. According to Kaushik et al. (2001) , blindfolded, healthy volunteers could not tell the difference between the pain sensations of a microneedle array from a smooth surface. On the other hand, the volunteers could clearly distinguish the array from a 26-gauge hypodermic needle. Mikszta et al. (2002) tested the ability of microneedles to disrupt human skin, cause pain or induce inflammation. They compared ECG electrode pads with microneedle arrays and reported that when using microneedles of 200μm in length, there was trans-epithelial water loss, which indicated the successful breach of the stratum corneum. They also reported that, although pain perception in patients was negligible, many patients got skin irritation lasting up to 48 hours. Microneedles have since been available as solid microneedles for skin pre-treatment to increase skin permeability, as microneedles coated with a drug that dissolves in the skin, as polymer microneedles that encapsulate drug and fully dissolve in the skin, and as hollow microneedles for drug infusion into the skin (Figure 1 ) (Yeu et al., 2012) .
The superficial layer of skin is pierced during the delivery of the drug using solid coated microneedles. However, the advancement of this technology has led to the fabrication of dissolvable/degradable and hollow microneedles that deliver drugs at a higher dose and are engineered to deliver a drug in the form of modified release (Prausnitz et al., 2006) . Microneedles are now being used to deliver macromolecules such as immunobiologics, vaccines, oligonucleotides, growth hormones, proteins, insulin and peptides. This has been evolved to deliver drugs across the skin in a noninvasive manner.
Delivery approach
One common approach used for delivery of a drug through the skin is to poke the skin with the microneedles in order to create large pores. The microneedle can then be removed and the patch containing the drug over it applied. This creates a straightforward pathway for the drug to travel across the epidermal layer; and for a better effect, an electric field can also be applied (Waghule et al., 2019) . Another approach is to cover the microneedle surface with a coating that contains the drug.
These coated microneedles are then inserted into the skin where the drug dissolves from the coating (Sharma, 2017) . A third approach is to dip the microneedles into a solution containing the drug and scrape the needles on the skin. This leaves the drug behind in the created abrasions (Waghule et al., 2019) . Further approaches are the incorporation of the drug into a biodegradable polymer and creating the microneedles from the mixture (Waghule et al., 2019) . Also, hollow microneedles can be designed in which the drug solution can be filled into the hollow space of the microneedles (Ripolin et al., 2017; Narayanan et al., 2018) .
Methodology
This paper is divided into two parts: (1) the physiology of the skin and (2) the delivery of drugs across the skin for systemic uptake using microneedles. This is done to initially understand the organ (skin) extensively in order to later explore how drug delivery (through this organ -using microneedles) allows for physiological bioavailability of drug.
Searches for the works of literature relating to the subject topic were electronic and restricted to online journals, books and peer-reviewed articles. Searches involved the use of Google search engine, pub med, WebMD and Google scholar engines. Search phrases included: Skin physiology, stratum corneum, the anatomy of the skin, microneedles, properties of microneedles, types of microneedles, disadvantages of microneedles, advantages of microneedles, microneedles in practice, microneedles for drug delivery and the future of microneedles. The references include studies, clinical trials, systematic reviews and journal-published information on microneedles and the physiology of the skin.
Part 1: Physiology of the human skin
In order to understand that microneedles will potentially be efficacious enough to deliver a drug into systemic circulation through the skin, one must first understand the physiology of the skin and how it works.
The skin is the largest organ of the body, and it accounts for almost 15 per cent of the total body weight of an adult human. It is responsible for numerous crucial functions, which are essential for survival, and it protects the internal body from external chemical, physical and biologic xenobiotics. It also plays an important role in thermoregulation by preventing excessive water loss from the body. (Kolarsick et al., 2011) . The mucous membrane that lines the surface of the body is also continuous with the skin. The skin consists of three different layers: the epidermis (50-100μm), dermis (1-2 mm) and hypodermis (1-2 mm), i.e. the subcutaneous tissue. The integumentary system (a network of the skin, hair, nails, glands and nerves) is formed by the skin and its derivative structures (Kolarsick et al., 2011; World Health Organization, 2009 ). The epidermis is the outermost layer of the skin, and it contains a group of cells that have been specifically differentiated. These cells are known as keratinocytes ( Figure 3 ) and they have been differentiated to synthesise a protein known as keratin, which is a long, thread-like protein with a protective role (Kolarsick et al., 2011) . A fibrillar structural protein, collagen, makes up the middle layer (dermis) of the skin. Collagen is the most abundant protein in any mammal, and it makes up more than 25 per cent of the proteins in the body. The dermis directly rests on the panniculus and is very thick (Figure 3 ). The panniculus contains lipocytes and it serves as a base for the dermis. Depending on the anatomical location, the thickness of the dermis can vary from one part of the body to another. The thickest part of the dermis is found on the back; where it is 30 to 40 times as thick as the overlying epidermis (William et al., 2016; Kolarsick et al., 2011) . The skin also contains important features such as the pore of sweat gland duct and hair follicles. These are associated with sebaceous glands which help the skin and hair shaft to stay healthy ( Figure 3 ). The epidermis also varies with anatomical location, with the thinnest layer measuring approximately 0.1 mm (found in the eyelids). It also comprises of the melanocytes ( Figure 4 .1), which are responsible for the skin's pigmentation. Furthermore, Langerhans' cells in the epidermis also play a vital role in antigen presentation and immune responses. Although the skin has numerous functional layers and cells -such as the papillary layer, the reticular layer and the hypodermis (responsible for lipid storage) -it is important to note that the layer most important to drug delivery is the epidermis (which contains the stratum corneum), hence the need to discuss the barrier more extensively. Nutrients that keep the epidermis functional are obtained from the highly vascularised network of cells in the dermis. According to the World Health Organization (WHO): current knowledge of the function of the stratum corneum has come from studies of the epidermal responses to perturbation of the skin barrier such as (i) extraction of skin lipids with a polar solvent; (ii) physical stripping of the stratum corneum using adhesive tape; and (iii) chemically-induced irritation.
All such experimental manipulations lead to a transient decrease of the skinbarrier efficacy as determined by trans-epidermal water loss. These alterations of the stratum corneum generate an increase of keratinocyte proliferation and differentiation in response to this 'aggression' in order to restore the skin barrier. This increase in the keratinocyte proliferation rate could directly influence the integrity of the skin barrier by perturbing: (i) the uptake of nutrients, such as essential fatty acids; (ii) the synthesis of proteins and lipids; or (iii) the processing of precursor molecules required for skin-barrier function -(World Health Organization, 2009).
Stratum Corneum
The most superficial layer of the epidermis is the stratum corneum (SC) and it is the main barrier to transdermal absorption of drugs. It is the layer exposed to the external environment with increased keratinisation (Kolarsick et al., 2011) . The layers in the SC can be as thick as 30 μm and as thin as 15 μm. The function of this layer of dry, dead cells is unique as it is responsible for thermoregulation by preventing the dehydration of the tissues underneath them. The layer also inhibits microbial penetration, hence acting as a protective barrier against microorganisms (Lever, 1949) . The SC ( Wickett and Visscher, 2006) The cells in the SC are completely shed periodically (every 3-4 weeks) when replacement cells from the granular layer or stratum granulosum (SG) are pushed up (Lever, 1949) . The SG -although only a few cells thick -is a crucial component of the epidermis as this is the region of the skin where the pivotal transformation that forms the SC barrier occurs. Keratohyalin granules and lamellar bodies are transformed into the corneocytes or squares that form the SC by the digestion of nucleus and cytoplasm. The resulting corneocyte or squama is a hexagon or pentagon of flattened cells approximately 25 mm, with a surface area of approximately 1000 mm 2 and a thickness of approximately 0.5 to 1.0 mm (Wickett and Visscher, 2006 ).
Figure 5:
The corneocyte envelope as proposed by Steinert and Marekov (1995) The SC is often regarded as a brick wall due to the presence of the corneocytes which have resistant cell envelopes and keratin microfibrils ( Figure 5 ). These cell envelopes and keratin microfibrils are regarded as bricks and the layers of lipids contained between the cells are regarded as mortar (Wickett and Visscher, 2006) . The lipid, or mortar, is the crucial layer that allows for waterproofing of the SC. As part of continuing literature, bricks have been shown to be linked by desmosomes ( Figure   4 .2). Formed from a family of proteins called intermediate filaments, keratins form part of the cytoskeleton of nucleated cells and they act as a crucial structural component of skin, hair and nails. As keratin is being made in a cell, an acidic type I keratin is made simultaneously as a form of neutral to basic type II keratin (Wickett and Visscher, 2006) . Acidic proteins contain more negatively charged amino acid side chains while basic proteins contain more positively charged side chains. Thus, this allows the interaction of two a-helical proteins resulting in a structure known as coiled-coil. During the transformation of keratinocytes into corneocyte, coiled-coils aggregate and form microfibrils. The structural integrity of keratinocytes is maintained by coiled-coils; hence, a poor or unstable assembly of coiled-coils could result in fragile keratinocytes. This instability can cause ruptures and lead to blistering diseases (Wickett and Visscher, 2006) .
Filaggrin (filament-aggregating protein) is a protein that contains high levels of positively charged amino acids. It is also involved in the aggregation of the keratin coiled-coils, which have an overall negative charge. After this structural activity has been completed, filaggrin is then digested by proteolytic enzymes. The result of this produces the amino acid components of the natural moisturising factor (NMF) of the SC. NMF contains lactate and pyrrolidone carboxylic acid (PCA), and these moisturisers are crucial in the maintenance of hydration of the SC, thus allowing flexibility and proper desquamation (Scott et al., 1982) . At the lower layers of the epidermis, a normal phospholipid bilayer cell membrane is contained in the keratinocytes. However, phospholipid membranes are too permeable to water and won't survive exposure to air in a dry environment. Hence, at the SG, the cell membrane of the keratinocyte is transformed into the resistant cell envelope of the corneocyte. Based on the research by Peter Steinert, the schematic representation of the SC cell envelope is shown in Figure 5 .
The lamellar bodies (mortar) found in the SG contain lipids, which are released into the ICS during the formation of the SC. These lipids include cholesterol, cholesterol esters, glucosylceramides and long-chain fatty acids ( Figure 6 ). In the ICS, glucosylceramides are converted to ceramides. The lipids organise into multiple layers between the SC cells as shown in Figure 7 . Mortar is crucial to the barrier function of skin, and ceramides ( Figure 7 ) are pivotal to the organisation and functioning of the barrier. The surface of the SC has a pH of approximately 4 to 5.5 (acidic). The 'acid mantle' of the skin is known to aid in the protection of the skin surface against colonisation by bacteria. Bricks and mortar are very specialised and they work in accord to produce covering for the skin, which is remarkably flexible and protective. A healthy SC defends the body against dehydration, external toxins and bacterial assault as well as protecting the more fragile keratinocytes below from mechanical disruption. Wickett and Visscher, 2006) Part 2: Delivery of drugs across the skin for systemic uptake using microneedles Microneedles have been studied in recent decades by researchers in attempts to enhance the delivery of drug through the transdermal route as well as in the overcoming of limitations presented in conventional approaches (Waghule et al., 2019) . Compared to conventional approaches, microneedles are thought to be the hybrid of both hypodermic needles and the transdermal patch. As a comparison, Iontophoresis and electroporation are conventional electric methods which also improve the permeability of drug by creating nano-sized pores in the skin. However, this is only up to a certain extent and it fails for large molecules (Sharma, 2017) . The major aim of the development of this technology was to create micron-size transport pathways which are large enough to permit drug transport but smaller than holes by hypodermic needles (Williams et al., 2004) . However, microneedles have an improved therapeutic advantage and they give highly accurate and reproducible results (with minimum inter-subject variability in bioavailability) (Waghule et al., 2019) . Although they have a vast number of advantages, they also possess some limitations (see Table   2 ) Microneedles Microneedle arrays are thin tubes of solid or hollow needles that are used to breach the SC, thereby accessing microcirculation in the skin. This transdermal delivery of a drug is achieved by microneedles with an external radius of 150μm, ranging between 50-900μm in length (Yeu et al., 2012) . This is done with the intention to penetrate the epidermis -which is 70-200μm deep -without penetrating the deeper dermis, thus delivering a pain-free administration of small and large molecular-weight pharmaceutical medications (Larrañeta et al., 2016) . In the manufacture of microneedles, various materials have been adapted over the years, including silicon, metal, polymer, glass and ceramic (Ita, 2015; Ogundele and Okafor, 2017) . Although microneedles are made to also penetrate the dermis, they are also short so that they cannot penetrate the dermal blood vessels. Larrañeta et al. (2016) showed that microneedles did not leave skin infected after use.
Their report also showed that patients can reproducibly insert microneedles into the skin without the need for any 'aid' device. Before the application of a drug-loaded patch, solid microneedles are used for the creation of micropores in the skin to enable the diffusion of drug content across the skin (Prausnitz et al., 2006) . However, hollowbore microneedles could be administered using a pressure-driven flow of drug or diffusion through a lumen. In vivo studies have shown that microneedles have been able to deliver drugs such as vaccines, oligonucleotides, insulin and peptides (Larrañeta et al., 2016) . There are advantages and disadvantages in the use of microneedles, these are detailed in the Microneedles insertion requires precise technique at a specific force to avoid breaking or bending before insertion, thus impairing dosing (Gill and (Birchall, 2006 Although it was envisioned that low-cost microneedle arrays would be used for drug delivery, for many decades small needles that were used for research were individually hand-crafted. However, not until the 1990s was the microelectronics industry supplied with equipment that aided in microfabrication (Yeu et al., 2012) . These tools were used extensively to produce microneedles that were suitable for application in the pharmaceutical community. The first fabricated array of microneedles was manufactured out of silicon. This has since been improved to include metal, polymer, glass and ceramic fabrications, with many arrays being fabricated in different sizes and shapes. The methods of microneedle fabrication have always been based on conventional techniques, which involve laser cutting, silicon etching, micromoulding, of adding, removing and copying microstructures utilising photolithographic processes, and metal electroplating (Larrañeta et al., 2016; Yeu et al., 2012) .
There are currently more than 80 active clinical trials studying the application of transdermal administration of drugs to enable drug availability systemically. There have been gradual clinical research successes in the field of transdermal drug delivery with fewer than 20 transdermal patches on the market. While the transdermal market is based on fewer than 20 drugs, it is worth more than $31billion. This limited number of drugs is directly associated with the SC. This is because, before being absorbed into circulation and taken up by blood vessels in the upper papillary dermis, the drug must first cross the SC (Waghule et al., 2019) .
Regarding the physiology of the skin, the numerous advantages that come with using microneedles has led to an increase in research in this area. As with normal transdermal skin patches, microneedles have minimal invasiveness. Although there are still studies continuing in this field, it has so far been reported that there has been no bleeding or microbial infection following the use of microneedles (Wermeling et al., 2008) .
However, according to Ita et al. (2015) and Waghule et al. (2019) , there is a chance of infection if the skin pores do not close properly after using microneedles or if the needles are not sterile. Pharmaceutical agents can be delivered locally as the drug can diffuse into the dermis layer of the skin. Hence, some medications can be administered locally to avoid systemic side effects by avoiding first-pass metabolism.
It has also been useful to see a rise in patient compliance as microneedles do not stimulate nerve endings, and therefore are not painful (Escobar-Chávez et al., 2011) .
Furthermore, frequent dosage is not required as microneedle patches can be administered as a controlled-release medication. While these might appear appealing to patients, the use of microneedles to deliver medication systemically is flawed.
In the application of microneedles, Wermeling et al. (2008) evaluated a transdermal naltrexone patch in healthy human volunteers with and without pre-treatment of the skin with microneedles, and showed that, although microneedle patches and naltrexone patches were well tolerated, there were still systemic side effects.
Furthermore, the claim made about patients' compliance to microneedles was shown to be flawed when a report found that needle-based phobia was experienced by some patients that were administered a dose array of microneedles, even though nerve endings were not stimulated (Wermeling et al., 2008) .
After microneedles are used, they are often removed and disposed of inappropriately. Lanke et al. (2009) published a paper which investigated the invitro transdermal delivery of long-term medication holographic (LMH) across hairless rats treated with various enhancement strategies. The authors reported that the LMH interacted with the SC barrier, and even though drug delivery was increased, the SC was almost completely disrupted (Lanke et al., 2009 ). In the context of skin physiology, this could affect the epidermis and the SC barrier at the site of administration, leading to increased permeability and susceptibility to xenobiotics.
Furthermore, hair pores in the skin may become blocked when microneedles are broken off in them. This could open the body up to a series of infections and cause anatomical disruption of the cells underneath the SC. Since microneedles are much thinner than hairs in the skin, they could make it difficult for another administration of a microneedle patch on the same site of administration (Ita, 2015) . For worldwide clinical application of microneedles, some challenges still must be addressed. These include poor control of controlled drug release, poor mechanical strength of microneedles and limitation of the loading dose of a drug using microneedles (Yeu et al., 2012; Ita, 2015) . (Serrano-Castañeda et al., 2018) .
Applications of Microneedles
Medical and Pharmaceutical Applications of Microneedles
Clinical trials and safety
In 2001, the first clinical study was conducted by Kaushik et al., it aimed at exploring the possibility of whether silicon microneedles were small enough to prevent pain compared to a 26-gauge hypodermic needle (Kaushik et al., 2001) . In the study, 12 healthy male and female volunteers were selected, and microneedles were applied to their forearms. It was concluded that nerve endings were less stimulated compared to hypodermic needles, thus less pain was experienced.
As microneedle technology is advancing, many clinical trials are being done to reduce the disadvantages of microneedles used commercially. Arya et al. (2017) conducted a 15-subject human trial to determine whether microneedles cause local skin reactions.
The result of the study demonstrated that microneedles did not cause any swelling, pain or erythema at the site of application of the patch. More so, patients could selfadminister the patches by hand without assistance from a clinician (Arya et al., 2017) .
In 2016, a randomised clinical trial was conducted on 21 men to investigate the enhanced delivery of lidocaine after pre-treatment with microneedles. Using topical 4 per cent lidocaine cream, it was observed that, without the microneedle pretreatment, anaesthesia was produced after 60 min; however, with the microneedle pre-treatment, anaesthesia occurred within 30 min (Ornelas et al., 2016) . Another open trial was conducted on ten patients in 2018 for hyaluronic acid-based microneedle patch to investigate the therapeutic effects to treat psoriasis. In the study, Calcipotriol-betamethasone ointment was applied on the skin and a microneedle patch was applied over this once every day for a week. The result showed that within one week of application, there was significant reduction in psoriatic plaques and thus was found efficient compared to the conventional cream application (Lee et al., 2018) Current research, advances, challenges and future trends Previous studies done to observe the efficiency of drug delivery using microneedles showed that (initially on cadavers) large molecules such as albumin and insulin can pass through the skin (Bora et al., 2008) . This was later confirmed by further studies (Donnelly et al., 2014 , Ita, 2015 . Currently, many new innovative microneedle concepts are being researched for better microneedle production and clinical uses (Serrano et al., 2014 , Hirobe et al., 2015 , Ma et al., 2015 , Yu et al. 2017 .
While studies have shown efficacy of microneedles, the main problems associated with this technology remains skin allergy, redness and irritation. This limits the concentration of drug that can be loaded into the microneedle. Also, passing hydrophilic and large compounds through the skin is still a major challenge. Selection of the right material needs to be taken into consideration in the fabrication of these needles; this includes the material that have adequate mechanical strength and insertion force. The main aim of this being the ability to increase the permeability of drugs using microneedles without stimulating nerve endings. While some microneedles can be attached by patients without clinician assistance, there is a chance of infection if the skin pores do not close properly after application (Ita, 2015) .
The 3M's hollow microneedle technology is an advancing technology in which microneedles are flexible enough and can be used to administer a few hundreds of milligrams of proteins that go directly into the systemic circulation (Burton, 2011) .
Furthermore, an emerging technique in which a combination of ultrasound and transdermal drug delivery is used to increase drug permeability is observed in a study done by Han and Das in 2015. Hence, microneedles can be fabricated with a variety of modifications in order to smartly deliver the drug through the skin, providing a new direction and revolution in the field of transdermal drug delivery systems.
Approved products
The first microneedle product which was commercially approved was Dermaroller.
Although many microneedle products are yet to gain market authorisation for medical and cosmetic use, there are some already on the market. Companies in US, Europe and Japan are selling microneedle products, and some of them are listed below. Waghule et al., 2019 , Bora et al., 2008 , Li et al., 2017 , Singh and Yadav, 2016 .
Conclusion
This paper has highlighted some of the main frontiers in the use of microneedles as an important modern technique in percutaneous drug delivery. The advances in microfabrication technology and scalability in a configuration of multi-arrays have ensured that this technology will further observe progress in the coming years.
Other drug delivery methods, such as oral administration, are limited in terms of low surface absorption area and reduced enzymatic degradation due to first-pass metabolism. Thus, the advent of the microneedle has been a needed alternative to these challenges for optimum systemic delivery of a drug.
Microneedles allow painless insertion with minimum tissue damage, better control over the dosage of the drug, does not generate infectious waste and patients are more compliant in using microneedles. Consequently, microneedles have been growing in the fields of drug development, therapeutics and cosmetology. It is possible to administer peptides, avoiding multiple daily injections in the case of insulin. In addition, the use of microneedles is growing in medicine. They are being used in the diagnosis and treatment of glaucoma and in monitoring bio-signals. Finally, the use of microneedles has been shown to be very useful for the treatment of alopecia, antiageing and scars. Due to all the advantages and alternatives that the use of microneedles offers, there has been an increase in research on their applications in fields such as healthcare, medicine and even cosmetics.
However, some challenges regarding the use of these microneedles in regard to safety issues have also been discussed. More so, there are concerns regarding the cost of the delivery system, delayed onset of action and possible misuse, accidental use, or abuse (Caffarel-Salvador et al., 2015) . While trials have shown that there is no risk of infection on the patient population, there is a need to further investigate skin pore closure after microneedle application in a larger population group. It is also essential to ensure that materials used for microneedle fabrication do not induce skin irritation.
Until now, only very few pharmaceutical microneedle products have been granted market authorisation (Table 4) as safety and efficacy are paramount in the quest for market authorisation. Problems may arise when microneedles are frequently applied in the same site of administration. Also, if the same dose is applied at different sites of administration, systemic bioavailability may be affected; and lead to bioavailability variation.
Despite the above-mentioned limitations, current advances in the development of these devices are promising and forthcoming. While there needs to be even more work done before microneedles become routine drug delivery systems in clinical practice, the trajectory of research suggests that there will be further advances in the microneedle technology. The commercial viability of microneedles is a gap in the literature that needs to be addressed. This is to allow for industrial scale manufacture.
Multiple techniques discussed in this literature review (Table 1 ) are known to be laborious and involve the use of non-FDA-approved excipients such as silicon (Cheung et al., 2016) . However, there is an exponential trend in the research done on microneedle technology. There is also an increasing trajectory in the use of microneedles for commercial scale products. From the current literature, the upward trend observed in the number of publications is unlikely to change in the next decade due to continuous advances in this technology. Thus, the more research output generated on this technology (from more publications), the more data there is to improve microneedle technology. Furthermore, extrapolation of data using 'time series analysis' allows adequate prediction of trends in the number of journal papers that would be published regarding microneedle technology. This analysis suggests that there would be observable and significant growth in the field of microneedles in coming years. Microneedles are a crucial technology for medical and pharmaceutical applications, and growth in this technology will be observed in the coming decades. (Adapted from Wickett and Visscher, 2006 ). (Pérennès et al., 2006; Yoon et al., 2006; Migdadi et al., 2018; Adapted from Waghule et al., 2019) . Waghule et al., 2019 , Bora et al., 2008 , Li et al., 2017 , Singh et al., 2016 .
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